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Asbestos is a zenerie term for a variely of hydrated silicate minerals . hich
have one commen atlribute, namely, the ability to be separated into relatively
soft, silky fibers. Although the name is ordinarily associated with those varieties
which have technologic importance, it is applicable to all minerals which fit the
above description. The term “asbestiform minerals” is perhaps most descriptive.

The known varicties of ashestiform minerals can be divided into two main
classes on the basis of theiv crystal structures: serpentine and amphiboles. The
sole member of the serpentine class is chrysotile asbestos, which is by far the
most common of the asbestiferm minerals. It accounts for more than 95% of
the asbestos fiber produced today.

There are five recognized asbestiform varicties of amphibole: crocidolite,
amosite, anthophvllite, tremolite, and actinolite. Although the amphiboles are
common rock-forming mincrals, the asbestiferm varicties are much less abundant
than chrysotile.

The physical and chemical properties of the asbestiform minerals can be
directly related to their erysial structure and chemical composition. In turn,
the physical and chemical properties are responsible for the commercial im-
portance of asbestos. It is understandable, therefove, that great emphasis has
been placed on the clucidation of the structure and composition of these im-
portant minerals. '

Several comprehensive reviews on the asbestiform mincrals have been pub-
lished in reeent years, including Hendry (30), Caze (25), Iodgson (33), and
Dcer, Howic, and Zussman (17). The objective of this paper is to bring this
information up to date with particular emphasis on recent developments con-
cerning the physics and chemistry of the asbestiform minerals. In addition, the
uses of asbestos will be discussed briefly in relation to the properties of the
individual species.

OCCURRENCI

The epigenesis and occurrence of the asbestiform minerals have been the
subject of considerable geologic and petrologice rescarch, Chrysotile and amphi-
bole fibers are found in entively dilferent geologic formations. Chrysolile was
most probably [ormed as a vesult of two separate metamorphic changes in
ultrabasie rocks of voleanie origin. The first stage involved the formation of
serpentine by the hydrothermal alteration of the original rock. At some later
time the chrysotile was formed in eracks and fissures in the rock by recvystal-
livation of the serpentine, again by an aqueous solution and reprecipitation proc-
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Fic. 1. Cross vein fiber chrysotile.

ess. In most cases, chrysotile occurs as “cross fibers” which are oriented in a
parallel array across the veins in the serpentine rock as shown in Fig. 1. Occa-
sivnal occuriences of “ship fiver” are found in which the fiber is oriented pavadicl
to the vein as shown in IMig. 2.

A notable exception to the normal mode of occurrence of chrysotile is the
fiber found in the New Idria serpentinite of Western California and at Stragari,
Yugoslavia (45). The New Idria fiber is generally referred to as Coalinga fiber.
The great bulk of this deposit consists of solt powdery pellet-like agglomerates

o0

of chrysotile as shown in Fig. 3. The material may be the result of intensive
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Fic. 2. Slip fiber chrysatile,
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IFic. 3. Nodules of coalinga chrysotile,

crushing and pulverization during or after serpentinization. In addition to its
unusual mode of occurrence, Coalinga chrysotile is also unusual from the stand-
point of its physical structure. This feature will be discussed in the appropriate
section of this paper. _

The genesis of the amphibole fibers is not as clear-cut as that of chrysotile.
Their name, taken from the Greek word amphibolos, meaning ambiguous, is
a very apt choice. Figure - is a typical example of the mode of occurrence for
crocidolite which is found in the banded ironstones of the Transvaal system of
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Frc. 4. Crocidolite in banded ironstone.
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South Africa. They are metamorphized rocks of sedimentary origin, which
accounts for the variability in composition of the host rocks and conscequently
of the fiber. The only significant occmrrence of amosite is also found in this
arca. Crocidolite is found in other areas, including Bolivia and Westemn
Australia.

Asbestiform anthophyllite is found in many places throughout the world,
but there are only a few deposits of commercial importance in Finland and the
United States. Tremolite and actinolite are the result of metamorphism of car-
bonate rocks. They are widely distributed in nature, but of little commercial
significance. Tremolite is a very common contaminant of commercial tule.

CRYSTAL STRUCTURE
Chrysotile

The crystal structure of chrysotile ashestos was first determined by Warren
and Bragg (72) and later clucidated by Warren and IHerring (69). These
investigators determined that the mineral has a layered-type structure similar
to the minerals of the kaolinite group. The basis of the structure is an infinite
silica shect (Si.0;), in which all the silica tetrahiedra are pointing in the same
dircction. Attached to one side of this sheet is a brucite Mg(OIT), layer in which
two out of every three hydroxyls are replaced by the apical oxygens of the silica
tetrahedra. The result is a double sheet as shown in Fig. 5. The mismatch in the
dimensions of the silica and brucite sheets introduces a strain in the structure.
Beiter mntehing of the Tayers and relicf of the strain oo : Le secaraptislic.] gt
three ways.

1. Substitution of larger ions in the silica sheet or smaller ions in the
brucite sheet.

2. Distortion of the octahedral brucite network or of the tetrahedral silica
network.

3. Curvature of the sheet with the brucite layer on the outer surface.

Y/

UNIT GELL COMPOSITION
Mg, (OH), 51,0,

BUILD-UP OF SHEETS INTQ FUNDAMENTAL FIBRILS
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Lver since the fisst electton micrographs were published showing the ap-
parent tubular structure of chrysotile (7, 59, 70), tiere has been considerable
controversy over the morphology of the fibers. Whittaker (76), by means of
carcful Neray difleaction studies, demonstrated that the lattice was definitely
curved.

Although he was unable to show whether the structure was a eylindrical are,
a closed circular eylinder, or a cylindrical spital, he favored a spiral structure.
The tubular coneept was supported further when Maser, Rice, and Klug (<)
published the clectron micrograph of Fig. 6 showing an end-on view of a
chrysotile filer bundle. The fibrils were definitely eylindrical and included many
which app-ared to be pairs of concentric cylinders.

e s ST @ T mTerm 4 ¢ mereap e " :
e SR

6

1

i

!

ot

1 "

g .

- 1

! ;

3 i = '

- & 4

1 ;
- . ; ; o S

b S s it i i it i 220 B AT K T PICOG, { - I

Fic. 6. Eleclron micrograph of chrysotile cross section. 195,000, Reprinted with per-
mission from American Mineralogist 45, 650 (1960).

A recent paper by Yada (S1) has fumished what appears to be the final
answer to the structure of chrysotile fibrils. By means of high resolution electron
microscopy, he was able to observe the actual erystal lattice planes both parallel
and perpendicular to the fiber axis. These pictures, Figs. 7 and S, show that
most of the fibers have a hollow cvlindrical form. The lattice planes have a
multispiral arrangement confirming the prediction of Whittaker (76). Also ap-
parent in several of Yada's pictures is the presence of crystallographic disloca-
tions which strongly sugeest that the basic structural unit consists of a single
magnesia-silica sheet, rather than a double sheet as previously postulated by
most authors. Yada's observations also confirm Whittaker's hypothesis that the
basic spiral clement consists of five silica-magnesia units with approximately 10
silica-magnesia units forming the 70 A wall of a single fibril.

Occasional fibers were observed which were solid rather than hollow. Al-

i
r
L

I‘.tﬁ. T oanl
permiss’on from



Rl

JQowing the ap-
been considerable
=6y, by mcans of
e was definitely
. 4 cvlindrical are,
A sp’iml structure.
. and Klug (44)
cnd-on view of a
od included many

I

i
. Keprinted with per-

wrs 1o be the final
1 resolution electron
planes both parallel
©and 8, show that
tice planes have a
Ler (76). Also ap-
Lallographice disloca-
comsists of a single
sedy postulated by
by pothiesis that the
e approximately 10

er than hollow. Al-

e N S A A b 81 s et M Attelon @ s 4 8h S A b ek rmth (2 S b A Al S

ASBESTOS MINERALS IN MODERN TECIHNOLOGY 171
AT e
- '.“.‘A
et
b
¥
!-_ \
L ¥ »\‘
- SR L
. -"4-‘\‘ v .i
e ~
i :
R :
. 1
.:;.\" Lt .
_ i <
o :
s A k¥
! :'-'_.' “w, 3
§ i‘\‘ -.‘- .r- il = ?‘
N 4
- ) I'-.}
e i
] :
= e N sl
e R b e WM o e e e R R T ot SR A e T T Aeem

I}

_ -

[ 5 ) o O " o

o “ L5 S [ TP SO TG ¥ 7 3 1P CE ST |

Fic. 7 and Fic. 8. 1ich vesolution clectron micrographs of chirvsotile, Reprinted with
permission from Acta Cryst. 23, 704 (1967 ).
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TABILE 1
Cuemicar CoMrosition oF CHRYSOTILES®
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New York (32)
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Jeffrey Mine (59)
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® Theoretical chrysotile composition: 43.4% Si0;, 43.59, Mg0O, 13.19; H.0.
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though these fibers are relatively common in the samples, they arc not cnough
to account for the discrepancy between the measured and calculated densities
reported by Pundsack (55).

One final point should be made about the Yada micrographs. The outside
surface of most of the fibers shows the presence of highly disorganized or
amorphous material. This is the result of damage to the outer layer of fibrils by
the electron beam under the conditions of obscrvation.

There are two other serpentine materials found in chrysotile-hearing rock:
lizardite and antigorite (20). They both have the same chemical composition
and the same fundamental sheet structure as chrysotile. The differences between
these minerals reflects the way the strain in the crystal lattice has been relieved.
Lizardite, which is the principal constituent of massive serpentine, generally has
an extremely fine grained, platy morphelogy, visible only under the electron
microscope in most specimens. Its structure has not yet been clucidated, but
X-ray diffraction patterns indicate flut rather than curved sheets. Antigorite, on
the other hand, does show evidence of curved sheets. Two of its unit ccll di-
mensions are cqual to chrysotile, but the third is much larger and variable.
This third (b) dimension can vary from 185 A to as large as 100 A, compared
to the 92 A value for chrysotile. Tt is believed that the structure consists of

undulating sheets the periodicity of which corresponds to the variable unit cell
dimension.

Amphiboles

The basic crystal form of the wnplibsle minerals is lesz complicated than
that of the serpentines. The basic structural unit is a double silica chain (51,0..).
As in the chrysotile sheets, all of the silica tetrahedra point in onc direction.
‘These chains are paired, “back-to-back,” with a layer of hydrated cations in
between to satisfy the negative charges of the silica chains. The final structure
is formed by the stacking of these sandwich ribbons in an ordered array. A
pictorial concept of this structure is shown in Tig. 9. The various minerals in
the amphibole groups are characterized by the cations which occur in the
structure. The principal cations are magnesium, iron, calcium, and sodium. Since
the bonding between these ribbons is rather weak, the erystals are casily cleaved
parallel to the ribbons along A-A. If the cleavage is very facile, the result is an
ashestiform mineral.

For each variety of asbestiform amphibole, there is a corresponding massive
form with a different mineral name. Normally the asbestiform varicties are not
found along with the massive counterparts. Undoubtedly, the local geochemical
conditions extant at the time of formation coniributed to the relative case of
cleavage of any specific deposit and, therefore, to its commercial utility. The
massive and ashestiform varieties have the sane chiemical compositions and
Neray erystal structures, They can be distinguished by their physical properties
and by petrographic examination.

CIHEMICAL COMPOSITION

The chemical composition of commercially available chrysotiles from various
locations are shown in Table 1. For comparvison, analyses of lizardite and anti-



174 S. SPEIL AND J. I\ LEINEWEDER

GOXYGEN

A4 SILICON

N M ORYGEN » | MYDRCX YU ~
23 0 CATION LAYER oo o

SILICA RIBBON

)
00000000

Fric. 9. Amphibole structure,

gorite arc included. In all cases, it is apparent that the composition differs very
little from the idealized composition of Mg, (Si.O.) (OII),. The impurities which
are present may be part of the erystal structure or due to associated minerals.
The most common impurity is iron. This can be in the form of ferrous (Fe*) or
ferric (Fe*) ions. It is generally assumed that the Fe™ can be substituted for
silicon in the silica sheets, and the Fe** can be substituted for the magnesium
in the brucite layer. The next most common impurity in chrysotile is aluminum.
Since aluminim can doswne cither telahedeal or octahedral coordination it can
be substituted in cither the silica or brucite layers. Other impurities, generally
found to be associated with chrysotile in lesser amounts than iron or aluminum,
are calcium, chromium, nickel, manganese, sodium, and potassium.

The ionic radii of the ions commonly associated with chrysotile are given in
Table 1L Since these ions vary considerably in size, they can have an effect on
the strains which exist in the chrysotile lattice. Ions which are larger than
silicon and smaller than magnesium will tend to relieve the strain when sub-
stituted in the respective layers. Aluminum fits this requirement for cither layer,
since it is intermediate in size between silicon and magnesium. Ferric iron is
larger than silicon so it will help relieve the strain when substituted in the
silica layer. Ferrous iron in the brucite layer will increase the strain because of

TABLE II
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its larger size. Finally, it is improbable that the very large ions, such as the
alkali or alkaline carths, can truly be substituted to any significant extent in the
brucite layer; and when present in appreciable quantitics may exist as “inter-
layer” cations between the primary layers. Various authors have “normalized”
chemical analyses of chrysotile, indicating the probable location of the impurity
jons in the crystal structure.

The chemical composition of the asbestiform amphiboles is more complex
than that of chrysotile. The idealized chemical formulas for the various species
are given below. In these formulas, when cations are written in parentheses
without subscripts, a variable composition is indicated with the most abundant
species first.

Cmcido]i{e ........ (NﬂzFEa"’FC;“‘)SisO_-:(OI’I};

Amosite. siwe sovs v (Fe3t, Mg);Sii0:(011),
Anthophyllite. ......... (Mg, Fe?t);8ig02(0H).
Tremolite. . ..o vriinnnns CmMg»‘ﬁiaOu(O I [_}-1
Actinolite. .. ........ Caa(Mg, Fert):8is0n(01);

The range of chemical analyses for these varicties of amphiboles are listed in
Table IIL Detailed analyses can be found in various publications (17, 23, 32).

TABLIS 111
Cnesicar, CoMrosiTioNn oF ASBESTIFORM AMPHINOLES?

Ashestiform amphibole (range %)

Crocidolite Amosite Anthophyllite Actinolite Tremolite
Si0. 49-53 49-53 56-58 51-56 55-60
MgO 0-3 1-7 28-34 - 15-20 21-26
IeO 13-20 34-44 3-12 515 0-4
Fe,0, 17-20 — — 0-3 0-0.5
AlLO; 0-0.2 — 0.5-1.5 1.5-3 0-2.5
CauO 0.3-2.7 — — 10-12 11--13
;0 0-0.4 0-0.4 — 0-0.5 0-0.6
Na, O 4.0-8.5 tr — 0.5-1.5 0-1.5
1.0 2.5-4.5 2.5-4.5 1.0-6.0 1.5-2.5 0.5-2.5

The considerable variation in composition which can occur is readily noted. The
actual identification of a particular amphibole species may depend on which of
the idealized compositions the sample in question most closcly represents. This
variability in composition is a dircet consequence of the fact that the structure
can accommodate many dilferent jons in the space between the silica ribbons,
and the variable nature of the host rocks can contribute different ions to this
structure.

Accessory Mincrals

The analysis of ashestiform minerals is often complicated by the fact that the
samples may contain fragments of the host rock and its associaled minerals,
and also that other minerals may be intimately intergrown in the fiber bundles.
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Contamination due to host rock fragments is common in commercial fihers.
In the case of chrysolile asbestos, the most conmmon contaminants arc the other
serpentine minerals—lizardite and antigorite. While these species have similar
over-all compositions, the trace clement analyses conld be influenced by their
presence. Other minerals which are found in serpentine masses, and which could

be found “in"commereial chrysotile”Tibers, are: magnetite, brucite, chromite,

caleite; “magnesite, olivine, pyroxene, tremolite, actinolite, chlorite, tale, and .

chalecdony. The proportions of these minerals will vary considerably with the
location and nature of the deposit. For a specific commercial mine, the nature
and content of the impuritics in the ore will be relatively constant. Neighboring
deposits in the same serpentine belt may differ considerably in theic impurities.
Several good publications are available (19, 27, 45) which describe the geology
and mineralogy of the various chrysotile producing areas.

Other than lizardite and antigorite, the most common minerals associated with
chrysotile are magnetite and brucite. Both of these species often are found
grown within the fibers, In many occurrences, the ends of the fiber bundles are
capped with a magnetite-rich layer of rock. A mineralogic curiosity which is
found in some chrysotile deposits including the Jeffrey mine at Asbestos, Qucbec,
is a fibrous form of magnesium  hydroxide which has heen given the name
nemalite (9). These fibers usually occur in bundles which are often several
feet long,

Reimschussel (60) studicd the association of chromium and nickel with care-
flly ceparated componenls of ore from the Jeffrey mine at Asbestos, Quebec.
Using a combination of chemical dispersion and magnetic separation, the ashes-
tos was divided into fbrillar chrysotile, serpentine, and magnetic concentrates,

All of the chromium was found to be associated with the magnetite phase,
most probably as an isomorphous substitute for ferrie iron, When chromium
appeared in the chrysotile or serpentine fractions, it was associated with the last
traces of magnetite which were impossible to remove.

Most of the nickel in the ore is also found in the magnetic fraction. A small
amount may be associated with the magnetite, but the majority occurs as a
separate phase. This phasc is the iron-nickel alloy, awaruite, whose composition
ranges from FeNi, to FeNiy. It can be separated by a differential solution
method proposed by Nickel (49). Tinally, a small amount of nickel, about
0.0087, is found to Dbe present in the chrysotile lattice, most probably as a
substitute for magnesium,

Organic Impurities

The association of benzo(a)pyrene and other organic impuritics with asbesti-
form minerals from various sources was investigated by Reimschussel (60).
The total amount of extractable organic matter was determined by long-term
Soxhlet extraction with cyclohexane, After drying and weighing, the organic
residuc  was analyzed for benzo(a)pyrene by thin-layer chromatographic
techniques.

The fibers examined included North American and African chrysotiles, cro-
cidolite, amosite, and anthophyllite. All samples contained measurable amounts
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of extractable organic matter, ranging from 40 to 500 ppm. There was, however,
no correlation between the amount of organic matter and the amount of benzo
(a)pyrene present. The Canadian and United States fibers (11 chrysotiles and
one anthophyllite) contained no detectable benzo(a)pyrence. The detection limit
varicd with the amount and complexity of composition of the extracted orgauic
matter. It was as low as 0.02 parts per billion and generally below 5 ppb. All
of the fibers from Africa and Finland, on the other hand, did contain benzola)-
pyrene. The highest concentration (150 parts per billion) was found in crocido-
lite from the Cape Province, South Africa. Crocidolite and amosite from the
Transvaal Province contained 12-18 ppb; Rhodesian chrysotile and Finnish
anthophyllite contained less than 10 ppb.

These results are in general agreement with those reported by Harington (28)
except that Ilarington found no benzo(a)pyrene in African chrysotiles. The
explanation of this difference may lic in the fact that Harington used virgin
samples collected in the field, whereas Reimschussel analyzed typical commer-
cial products. This could meun that at lcast some of the benzo(a)pyrene is
introduced during the processing or shipping of the fiber.

SURFACE CHARACTERISTICS

The surface characteristics of the asbestiform minerals are very important in
relation to their commercial uses and to their interaction with whatever environ-
ment they may be exposed to. Most of the discussion relates to chrysotile
because the surface characteristics of the asbestifonn amphibole mincrals have
received much less attention.

The external swmiface of chrysotile fibers consists of magnesium hydroxide and,
therefore, it is not surprising that the fibers behave in some respects as though
they were magnesium hydroxide. For example, Pundsack (53) determined that
the pI of a suspension of chrysotile in carbon dioxide—free distilled water is
10.33. This compares to a value of 10.37 for a magnesium hydroxide suspension
under the same conditions. Pundsack and Reimschussel also determined the
“solubility product constants™ for various chrysotile fibers (56). The values
ranged from 1.0 X 10" to 3 X 10 and correspond quite closcly to a value of
1.9 X 10" reported for magnesium hydroxide (64)

Surface Charges

The clectrokinetic behavior of chrysotile is another manifestation of the mag-
nesium hydroxide surface. Martinez and Zucker (42) studicd the effect of plI
on the smlace charge, or zeta potential. of ashestos ore body mincrals by the
streaming potential method. Figure 10 shows the complete plT vs zeta potential
curve obtained by these authors. They found the isoclectric point of chrysotile
to be 11.8. At lower pll values, the surlace chuarge is positive; above the iso-
clectric point, the charge hecomes negative., They attributed the sharp increase
in potential which was obtained as the pll was lowered from 7 to 3 (o removal
of hydroxyl groups from the surface and resultant exposure of the magnesium
ions. Below pll 3, the magnesium jons are removed and the silica surlace ex-
posed, accounting for the decrease in zeta potential in this ringe.
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Relative
Surface| | Chrysaotile
Charge

+

Lizardite
0 W%

F1ie. 10. Surface charges on serpentine minerals,

The clectrokinctic behavior of lizardite, also shown in Fig. 10, is significantly
different from that of chrysotile. It has an isoclcctric point of 9.7 with a much
smaller charge than chrysotile. Furthermore, the sharp rise in potential, between
pII 7 and 3, is not found. This would be in accord with the proposed undulating
structure in which both silica and magnesium hydroxide surfaces are exposed.

Chemically, the surface of the amphiboles is similar to that of silica. It is
polar in nature, but not as highly polar as chrysotile. The electrokinctic charge
is negative and smaller in magnitude than the positive charge of chrysotile.
Isoclectric points have not been well established, although it is presumed that
the charge would become positive at very low pIL

Most materials have a negative surface charge in aqueous systems. Since
chrysotile has a positive charge, it will attract or be attracted to most dispersed
materials. This characteristic or chrysotile manifests itself in many of the com-
mercial applications. In addition, the highly reactive surface causes many inter-
esting surface reactions to take place which are intermediate belween simple
adsorption and true chemical reaction. For the sake of better continuity, these
interactions will be discussed along with the chemical properties of the fiber.

Surface Area

The specific surfuce area of chrysolile asbestos as determined by gas adsorp-
tion measurements has been found to vary considerably with the physical con-
dition of the fibers. For example, Pundsack (54) reported that pulling fibers
from a block of crude Jeffrew chrysotile fiber with tweezers cave products with
surface arcas, as determined by nitrogen adsorption, ranging from 4 to 12 m?/g
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depending on how thoroughly the fibers were pulled apart. When the fibers
were opened further in a Wiley Mill, the comparable surface area was more
than 30 m*/g. Values in excess of 50 m*/g were obtained when the fibers were
soaked in an Acrosol OT solution to separate individual fibrils.

Naumaun and Dresher (48) studied the surface arcas of various chrysotiles
in more detail. They also found a considerable variation in surface area with the
degree of fiber opening for most fibers. The two exceptions were the chrysotile
from New Idria (Coalinga) and Stragari. In these cascs, there was very little
variation with the degree of opening. Theoretical surlace areas of the chemically
dispersed fibers caleulated from measurements of fibril diameter distributions
were in good agreement with the measured values, as shown below,

Average
fibril dizneter

Fibers from Ohserved SA Caleulated SA

e B

Canadian Grade 71 50 m*/g 55 m*/g
New ldria T8 m*fy 76 m?/g .

i

1

-

?.

The authors proposed, that for those fibers whose surface arcas are sensitive to
the degree of opening, the voids between fibers are partially filled with solid
material, and therefore not accessible to nitrogen or other gases. In the case of
the New Idria fibers, these interfibril voids are available for adsorption. In
cither case, the intrafibril voids are not available.

Several workers (18, 48, 51) have attempted measurements of the pore-size
distribution of various ashestos fibers, including chrysotile and amphiboles. The
methods liuve included water vapor adsorption, nitrogen adsorption, and mcr-
cury penclration. Most nitrogen adsorption results show a peak in the vicinily
of 20 A which has been interpreted as a measure of the radius of the pores
within the fibyils. Harris (29), however, pointed out that this may be an artifact
of the measuring method and is open to scrious question.

The surface arca of amphibole ashestos is considerably lower than chrysotile;
it does not exhibit any unusual porosity. Patterson and Thompson (52) reported
that sawn blocks of Wittenoom crocidolite have surface areas around Sm*/g.
This increases to between 7 and 8 on teasing fibers from the block. The fully
fiberized material had a value of 14.8 m*/g.

Adsorption

The adsorption of various materials on the surface of chrysotile has been
studied from both the liquid and vapor states, Young and Healy (84) studied
the adsorption of several vapors on chrysotile. They found that nitrogen, argon,
carbon monoxide, acetylene, n-butane, trimethyl amine, and dimethyl amine all
gave swlace arcas of 9.7 m*/g on grade 7R Canadian fiber. Ammonia anud water
vapor, howcever, gave surface arcas of 17.6 m*/g for the same sample. The
difference could not be explained in terms of chemisorption or other specific
iuteractions because all the isotherms were completely reversible, Their con-
clusion was that the extremely polar water and ammonia molecules conld be
adsorbed on portions of the surface which are not available to less polar
molecules. They further concluded that some of the pores in chrysotile may be
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plugged with water, and that these plugs are permeable o polar vapors only.

Young and Ilcaly also reported a similar anomolous sorption of waler vapor
on antigorite, a nonfibrous serpentine. Anthophyllite and tremolite, the only
amphiboles studied, did not exhibit this behavior.

The adsorption of various organic compounds on chrysotile from both the
liquid and vapor phases is currently being studied by Weeks and Teineweber
(75). The fiber used in this study was specially air cleaned to remove most of
the nonfibrous material and extracted with carbon tetrachloride to remove or-
ganic contuminants. Ithanol, benzene, and hexane all exhibit normal isotherms
on chrysotile. The surface areas, estimated from the isothicrms are cthanol, 18.8
m*/g; benzene, 11.2m*/g; and hexane, 9.6 m*/g. The nitrogen surface area is
21.2m*/g. The corresponding heats of adsorption are cthanol, 13 keal/g; benz-
ene, 11 keal/g; and hexane 9 keal/g, Zettlemoyer et al. (85), reported 16 keal/g
for the heat of adsorption of waler on chrysotile,

These adsorption data support the obvious premise that the polar surface of
chrysotile has a greater affinity for polar molecules than for nonpolar, in general
agreement with the findings of Young and Icaly.

Adsorption from solution is complicated by the concurrent adsorption of solute
and of solvent, making the interpretation of the isotherms quite difficult. Weeks
and Leinewceber studied the following binary systems on the same fiber used
for the vapor adsorption studies: benzenc-cthanol; benzene-tert-butanol; benz-
enc-hexane;  benzene-naphthalenc; benzene-anthracene; hexane-naphthalene.
Typical adsorption isotherms obtained from these systems arc shown in Fig. 11.
These isotherms of concentration change are plots of the “apparent” or differ-
ential adsorption of the “solute” (the component whose concentration is indi-
cated on the abscissa) vs. concentration. These concentration changes were
determined by means of a differential refractometer. The extremes in the types
of isotherms obtained are illustrated by the benzenc-ethanol systern and the
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hexane-benzene system. In the former, the apparent adsorption of cthanol is
positive at low concentrations and negative at high concentrations, whereas in
the latter system, the apparent adsorption of hexane is negative throughout.
A qualitative interpretation of these eflects is that the affinity of the surface for
cthanol and benzene are essentially equal, while benzene is more strongly ad-
sorbed than hexane. The affinity of the surface for the compounds studicd can
be listed in the following decreasing order:

cthanol = butanol = benzene > naphthalene > anthracene > hexane

Quantitative inlerpretation of these isotherms by the methods proposed by
Kipling and Tester (36) was impossible because sufficient information was not
available to be able to extract the individual isotherms.

CHEMICAL CIIARACTERISTICS

Asbestos has often been touted as the “indestructible mineral,” In reality, this
is far from the case. As far back as 1885 (67) the reactivity of chrysotile with
acids was recognized and in 1890 Clark and Sclineider (16) found that chrysotile
was the most susceptible to acid attack of all the serpentine minerals. Nagy and
Bates (47) and Nagy (46) confirmed this conclusion with electron microscopic
and X-ray diffraction studies on acid-treated chrysotile and antigorite. After
treatment with 1~ TICI for 1 hour at 100°C, the chrysotile X-ray dillraction
pattern completely disappeared while that of antigorite was relatively un-
changed. Eleetron micrographs of the reaction products showed that chrysotile
was very sceverely ctched and had lost its tubular morphology. Faust and Nagy
(21, 22) studicd the differential solubility of chrysotile and serpentine 15 morn
detail. They confirmed that chrysotile is almost completely destroyed in 1~ HCI
for 1 hour at 95°C, while antigorite is almost untouched under the same condi-
tions. The reactivity of lizardite is intermediate between that of chrysotile and
antigorite.

Badollet (2, 3) summarized the available information on the stability of
asbestiform mincrals. Strong acids decompose chrysolile rapidly with the re-
moval of all MgO and a total weight loss of 60%. The residue which remaius after
acid attack consists of amorphous silica which retains a very fragile fibrous
morphology.

In contrast to the sensitivily of chrysotile, the amphibole fibers arc much
more resistant to acids. There are, however, significant differences Letween
these fibers. The data in Table IV shows that anthophyllite, crocidolite, and
tremolite arc significantly more resistant to acid attack than amosite and
actinolile. Twenty-two days at room temperature had essentially the same effect
as the 2-hour reflux exposure. All of the fibers were relatively stable in 25%
sodium hydroxide solutions. The high solubility of actinolite was attributed to
impuritics in the sample,

Hiscock (33) more recently studied the rate of decomposition of ashestifonn
fibers in boiling 4 x hydrochloric acid. e found the following relative order of
stability as shown in Fig, 12:

tremolite > anthophyllite > crocidolite > aetinolite > amosite » chrysotile
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Fic. 12. Acid resistance of asbestos (4n HCI boiling).

After an initial rapid weight loss, the rate of attack decreases radically with
tremolite and anthophyllite showing extremely low rates. Recently Weeks (74)
studied the rate of decomposition of chrysotile fibers less than 1, in diameter
in 0.12 N hydrochloric acid at 37°C. Decomposition was determined by analysis
for magnesium which had gone into solution. The decomposition is relatively
slow under these conditions as shown in I'ig. 13. The straight line indicates that

TABLE 1V
SorusILITY OF Aspestos Miverars i~ 259 Acio on Cavrice

Per cent loss in weight, refluxing 2 houry

HCl CI,COOIL H,l0, H,S0, NaOH
Chrysotile 53.69 23.42 55.18 55.7 0.99
Crocidolite 4.38 0.91 4.37 3.69 1.35
Amosite 12,84 2.63 11.67 11.35 6.97
Anthophyllite 2.66 0.60 3.16 2.73 1.22
Actinolite 20031 12.28 20,19 20.38 9.25
Tremolite 4.77 L: 0% 4.99 4.58 1.S0

a Reproduced with permission from Canadian Mining
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Fic. 13. Reaction of chrysotile with 0.12 x HCl 37°C.

the decomposition is diffusion controlled. This conclusion is justifiable because
extraction of the magnesium from the chrysolile structure leaves a residuc of
silica through which both the acid and magnesium ions must diffuse for the
decomposition to continue.

It is also interesting to note that extrapolation to zero time indicates an initial
decomposition of approximately 6% This decomposition probably represents the
inncdiate dissolution of the surface magnesium bydroxide. X-ray diflraction
analysis of the Gl-hour reaction product showed no difference from the original
material in spite of the fact that it was more than 507 decomposed. The acid
apparently altacks the surface of the fibrils leaving an unrcacted core which
diffracts X-rays the same as chrysotile. This is in accord with the observation
that chrysotile fibers can be readily fibrillized by agitation in weak acid, Elcctron
micrographs of the reaction product show an ctched surface on typical chrysotile
tubes. The residual silica on these partially decomposed fibrils is probably re-
sponsible for this ctched effect. '

The very rapid initial reaction of the surface hydroxyls was also noted by
Pundsack (56) during the stepwise titration of chrysotile with 0.5~ lLydro-
chloric acid at 100°C. Ample time was allowed for cquilibriumm to be altained
after each increment of acid. The titration curve, Ilig. 14, exhibits several in-
fiection points. The first increments of acid cause a sharp decrease in pIl from
an initial value of 10 to about 6.8. This point corresponds to the reaction of
about 4.5 of the fiber with acid. After the first inflection the curve levels off
until about 67% of the fiber is reacted and finally tails off 1o a pII of 2.3 as the
reaction is completed. Pundsack estimated that about 7% of the total hydroxyls
cxist on the surface, and that 67% decomposition represents reaction of all the
structural hydroxyls. The final 33% reaction represents reaction with the silica
gel formed by the process.

The chemical reactivity of crocidolite has heen studied in considerable detail
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by Thompson (68) using fibers in the diameter range of 0.05 to 0.15x. In a
Soxhlet extractor, water removed 4% of the silica and 6% of the sodium ions.
These values correspond to a depth of attack of 1 aud 1} unit cells, respectively.
Similarly, in beiling alkali the attack is limited to the surface layer.

In 5~ hydrochloric acid at 100°C, 20% of the structure is disrupted within 3
minutes, corresponding to a 57 A penctration. After 3 minutes, the rate drops
rapidly with less than Gwice the above penctration af{ter 6 howrs, agreeing
generally with Hiscock’s findings (33). Thompson proposed that the formation
of a tough coating of polvmerized silica protects the crystals from further attack.
This hypothesis is supported by the fact that the fibers are again susceptible to
acid attack if the silica layer is removed by reaction with alkali.

In the presence of 0.2 ¥ EDTA at pH 5.5 and 100°C, the rate of decomposition
of the fiber appears to be diffusion controlled. In this case at least a portion of
the silica becomes dispersed in the reaction medium. Thompson concluded that
the amphibole structure is not intrinsically resistant to acid attack. The apparent
resistance is a result of the protection afforded by the silica layer. The lesser
resistince of amosite to acid attack can possibly be attributed to faults in the
structure.

The resistance of the asbestiform minerals to attack by reagents other than
acids is generally considered excellent at temperatures up to 100°C, but de-
teriorates rapidly at higher temperatures. Ball and Taylor (6) studied the re-
actions of chrysotile with several materials under hydrothermal conditions.

Recent studies by Yang (83) indicate that reaction between chrysotile and
calcium hydroxide is detectable in 2 days at 230°C. Similarly Reimschussel (60)
found that chrysolile was completely decomposed in concentrated polassium
hydroxide at 200°C within 24 hours. Thompson (69) showed that crocidolite is
attacked by potassium or sodium hydroxide above 100°C and studied the hydro-
thermal reaction with a variety of other chemicals.

Under certain conditions, the reaction of chrysotile asbestos with weak acids
can be limited to the surface of the fibers. Pundsack and Reimschussel (57)
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demonstrated that fatty acids and other weak organic acids when dissolved in
nonacueous solvents react with the fiber surface to form a monomolecular
“chemisorbed” layer. The amount of chemisorbed acid is affected by the pres-
ence of sorbed water on the fiber. This is illustrated helow.

CugezisorrrioN or Orkic Acip rrov Bexzexe sy Curysorine

Fiber conditioned for 45 hours at

185C 209, RII 100% R11
Mg, acid sorbed/g, fiber 10.8 7.4 0.5

iquilibrium in these reactions is established very rapidly, probably within
seconds. 1t was also noted that above a concentration of 0.005 moles of oleic
acid/kg of benzene, the amount of acid chemisorbed by the fiber is constant
and has a value of about 1% by weight of the fiber. This value could vary with
the exposed surface arca of the fiber. Even after 15 extractions with hot benzene,
80% or more of the original oleic acid remains fixed on the fiber surface. Fiber
which contains chemisorbed fatty acid is somewhat hydrophobic and markedly
organophillic. The hydrophobic character of the fiber is of a limited nature,
since the fiber can be wet by vigorous stirring in waler.

In gencral, organic compositions possessing acidic functional groups dissolved
in nonpolar or slightly polar solvents, such as henzene and methyl cthyl ketone,
exhibit a strong tendency cither to chemisorb or to slowly react with chrysotile.
Long-chain aliphatic acids, such as stearic acid, oleic acid, and palmitic acid,
are chemisorbed by dry fiber. Aromatic-type acids, such as benzoic acid and
related compounds, are also chemisorbed as are dibasic aliphatic acids, such as
adipic acid. Although the unsaturated six-carbon sorbic acid appears to be
chemisorbed by chrysotile, the related shorter carbon chain acrylie, crotonic
acids show some evidence of slow reaction with the dry chrysotile even in non-
polar solvents and there is a tendency for the adsorbed layer to show an aflinity
for water. Maleic acid reacts with the bulk fiber.

If the fiber contains adsorbed water, the interaction of an organic acid in
benzenc or MEK solutions differs markedly from that with the dry fiber. The
long chain aliphatic acids, e.g., stcaric, oleic, when dissolved in nonpolar or
slightly polar solvents, show little or no tendeney to sorb on fibers containing
adsorbed water. Acids such as adipie, benzoic or sorbie, which have some slight
aflinity for waler, rcact with the bulk fiber structure instead of chemisorbing as
they do on dry fibers.

The reaction of chivysotile with certain anionic wetling agents, such as Acrosol
OT, is peculiar in that they cause the fiber bundles to separate into ultimate
fibrils. This reaction is accompanicd by strong chicmisorption of the agents with
permanent modification of the swface (51). ;

When chrysotile fiber is decomposed by strong hydrochloric acid in the pres-
ence of chlorotrimethyl siline (24) a very interesting reaction occurs. Normally,
the decomposition by acid leaves a residue of amorphous silica which polymer-
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izes in the shape of the original ther. The chlorotrimethyl silane, however, reacts
with the silica sheet as the magnesium is removed and prevents [urther polym-
crization of the silica. The final product of the reaction is in cllcet an organo-
silicon polymer in sheet form. The sheets are rolled into hollow tubes and
exhibit typical chrysotile morphology under the clectron microscope. They also
show a 15 A spacing between the layers by Xeray diffraction. In organic solvents,
the polymer swells und the X-ray diffraction pattern disappears indicating that
the tubular sheets have unrolled. This product is interesting confirmation that
the busic chrysotile structure is a spiral rather than a closed concentric cylinder.

Reaction with Water

In addition to being vulnerable to attack by acids, and, under certain cir-
cumstances alkalies, asbestos fibers are also subject to attack by water. Prolonged
extraction of chrysotile with water has been studied by Holt and Clark (31)
and Reimschussel (60). Holt reported that when chrysotile was extracted with
boiling water, the solution contained both magnesium and orthosilic acid. He
proposed that the chrysotile decomposed by loss of magnesium ions leaving a
residuc of colloidal silica. He also suggested that the colloidal silica is hydrolyzed
to orthosilicic acid.

Reimschussel’s results confirm that chrysotile is decomposed by water. He
found that the concentration of magnesium in the extract was relatively high
during the first 3—4 hours of Soxhlet extraction and then began to decrease. The
deerease in mgiesing conee. tralion was accompanied by the formation of a
precipitate of amorphous magnesiumn silicate. After the initial rapid reaction,
magnesium and silica are removed in amounts proportional to the chrysotile
composition. Whether the removal of silica proceeds by way of solution or by
the formation of colloidal silica is yet to be determined. There is no doubt,
however, that chrysotile is slowly “soluble” in water under conditions of con-
tinuous extraction.

For crocidolite, Thompson (68) reported that 4% of the silica and 6% of the
sodium are removed by Soxhlet extraction with water. In this case, the action
was equivalent to that of alkalies at corresponding temperatures.

SYNTHESIS

Chrysotile

Numerous investigators have studied the synthesis of chrysotile and serpen-
tinc minerals. These studics were motivated either by pure theoretical interest
or by the desire to grow large synthetic erystals. It is quite probable that chryso-
tile was synthesized as carly as 1927 (34) but before the advent of electron
microscopy and sophisticated X-ray diffraction techniques, it was not possible
to distinguish among the minerals of the serpentine group. The mere fact that
the chemical analysis of the reaction products matched that of serpentine could
not be considered distinetly diagnostic for chrysotile.

Chrysotile has been synthesized only under hydrothermal conditions. Bowen
and Tuttle (10) demonstrated that chrysotile is formed at temperatures up to
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500°C and at pressures up to 40,000 psi. Yang (82), formed chrysotile at tem-
peratures as low as 115°C. Since a lower limil of temperature stability for
chrysotile has not been established, it is conceivable that it could be formed in
an aqucous system with the correct composition under ambicent conditions,
particularly within geologic time periods.

There are several interesting features which have been noted for synthetic
chrysotile. First, regardless of the conditions employed, or the trace impuritics
and mineralizers which have been added, only single chrysotile fibrils have been
synthesized. No method has been found for synthesizing the large bundles of
parallel fibers which occur in nature. Secondly, if the product formed during the
early stages of synthesis is examined under the electron microscope, onc can see
evidence of sheets in the process of rolling into tubes.

Roy and Roy (63) carricd out an cxtensive study of the synthesis of serpen-
tine minerals with magnesium and silicon substituted wholly or partially by
other ions. Replacement of magnesium by similar-sized nickel ions yielded a
product which was either platy or tubular, depending on other factors, such as
the presence of sodium chloride in the reaction mixture. Increasing the size of
the tetrahedral layer by substituting silicon with germanium resulted in a
serpentine mineral which formed large, platy, hexagonal crystals. Similarly,
partial substitution of aluminum in both layers yiclded platy “aluminum  ser-
pentine” (Mg-Al) (AlSi;0,,) (OH).. Another serpentine phase was also syn-
thesized from nickel and germanium Ni,Ge.O,(OH). which also had a platy
structure. Tt was not possible to produce serpentine-type phases substituting
manganese, zinc, cobalt, iron, chromium, or gallinm for magnesium. This, how-
ever, does not preclude the possibility of trace amounts ot these ions being
present in natural or synthetic materials. The authors concluded that the tubular

structure of chrysotile is not only a consequence of the ion sizes, but other
external influcnces as well.

Amphiboles

The amphibole minerals can be synthesized by either pyrogenic or hydro-
thermal methods. Recent studies at the Institute for Silicate Chemistry, Lenin-
grad, arc probably the most comprehensive in this ficld. Amphiboles containing
fluorine substituted for hydroxyl were produced by heating a mixture of oxides
and fluorides to 900-1100°C in tightly closed platinum or ceramic vessels (26).
The mincral phase and the morphologic characteristics of the products depended
on the composition of the initial mixturcs, the fluorine content, and the tempera-
ture. The isomorphous scrics of fibrous fluoro-amphiboles included a wide
varicty of cations comprising a mixture of Na or other mono or divalent metal
plus cither Mg?s, Fe*, Cr't, Cu®*, Co*, Ni*, Mn**, or Cd*. Within the reaction
mix, crystals of 0.5-1.0 mm in length, and 0.1-2.0  in diameter were formed
with crystals as Jong as 20 min on the surface of the reaction mass. The physical
propertics of the synthetie fluoroamphibeles were stated o be superior to the
best natural varicties with tensile strength of 20,000-10,000 ke/em®. Thermal
decomposition did not occur until the temperature exeeeded 900°C.

Hydroxy amphil:oles containing combinations of Na or Ca plus cither Mg,
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Fes, Co™, or Ni** were formed under hydvothermal conditions (39). Typical
reaction conditions were 350-600°C with pressures ranging from 300-2000 alm.
After reaction times of 6 hours to 3 days, fibers as long as 1 mm were obtained
with diameters ranging from 0.1-1.0 oo The hydrothermal fibers were too small
o measure theiv mechanical propertics. Their thermal stability was of the same
order of magnitude as the natural materials,

PHYSICAL PROPERTIES
Tensile Strength

Asbestos is used primarily as a reinforcing fiber. Tts tensile strength s, there-
fore, of prime significance. The measurement of tensile properties is complicated
by the combination of short length and small diameters resulting in a wide range
of values from the same type of liber as reported by Badollet (2). Zukowski
and Caze (86) showed a strong dependence of strength on fiber length with
maximum values of 61,000 kg/em? and 58,000 kg/em? for crocidolite and chryso-
tile, respectively, with a fiber length of approximately 2 mm. Motion pictures
showed that fiber failure normally oceurred by rupture of weak interfibrillar
bonds, rather than true tensile failure of a fiber. Using a newly developed micro-
tensile machine, comparable data were obtained by Burman on a varicty of
asbestos fibers 4 mm long and 10-20 - in diameter (33). Crocidolite and chryso-
tile had the greatest strength followed closely by amosite, with the other
amphiboles significantly weaker, More recent work by Burman (13) in Table V

TABLE V
Pursicarn Proekrries op AsnEstivony MixErars

Average cross-
sectional area of

Tensile strength Youngs modulus fibers tested

Ore samples (X10%, kg/em?) (X108 kg/em?) (X 10-¢ cm?)
Chuysotile, Arizona, U.S.A. 38.5 1.48 2.07
Chrysotile, Thetford, Canada 37.1 1.40 2.13
Crocidolite, Koegas, Cape Province 29.0 1.50 1.65
Crocidolite, Koegas, Cape Provinee 31.5 1.54 1.33
Crocidolite, Pomiret, Cape Province 47.5 L7 1.64
Crocidolite, Pomfret, Cape Province 36.2 1.78 1.34
Crocidolite, Cochabambo, Bolivia 14.7 1.73 2.43
Amosite, Penge, Transvaal 26.3 1.46 2.71
Amosile, Penge, Transvaal 20.2 1. 46 1 83
Anthophyllite, Puakilla, Finland 25.0 1.59 0.95

casts doubt on the validity of assigning specific tensile strength values to each
asbestiform mineral, although the same relative order is maintained. All fibers
appear to have strengths less than the theoretical value of over 100,000 kg/cm?
attributable to silicate chain structures, The fact that chrysotile and some of
the amphiboles give so nearly the same values has led Whittaker (77) to suggest
that the fiber strength is affected more by the crystal imperfections introduced
during fiber formation rather than by the atomic arrangement or structure of
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the fiber. This is consistent with the hypothesis that amphibole fibers are built
up of overlapping crystallites held together by H—O—II coordinate linkages or
other cohesive forces. Chrysotile fibers, on the other hand, are bundles ol i'z:ulul'l-
mental fibrils of relatively constant diameter, but varying length. The dil{“crcm‘:v
between different chrysotiles is best exemplified by Coalinga fiber (Fig lSi
where most fibers consist of overlapping fibrils approximately 0.5-2 ;-T long
((:ill'wnig()l together, and Jeffrey chrysotile which has Jong individual 'ﬁl}rils
Yig. 16).

Such a concept can also explain the gradual time-dependent loss in strength
(=]

o ‘."‘ ; -.." .
- _<' ¥ ) /7 . t .
['. ; . ! " o " ! :
Bi wocnsn 570N / i

Fic. 15, Electron micrograph of coalinga chrysotile, <6000,



-

190 S. SPEIL AND J. U. LEINEWEBER

TSN A
Nt s —

16

/)

T gl

of asbestos fibers with increasing temperature below the decomposition tem-
perature of the crystal. Small losses of water in the early stages of dehydration
for both chrysotile and amphiboles are probably associated with reduced edge-
wise bonding between the fibrils or crystallites comprising the asbestos fibers,
resulting in reduced “tensile strength” of the fiber.

Harshness

The term “harshness” is related to the Hexural modulus of the asbestiform
fibers. The high modulus amphiboles are all generally harsh and relatively stiff
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; even in the finest fibers shown in the clectron micrograph of IMig. 17. Although
i . . 13 -
t most chrysotile fibers are soft, semiharsh fibers are also commercially available.
. Harsh chrysotile is not usually commercially significant. The difference in the
: appearance of fiber masses is well illustrated by the photomicrographs of Figs.
18 and 19.
: Iarsh fibers vield an open, bulky, fast-filtering mass. Flexible soft fibers
: form stringy, dense masses with slow filtration characteristics. This specific at-
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Frc. 18. Soft chrysotile. 3<130.

tribute of soft chrysotile is often a serious disadvantage in wet processing tech-
niques employed in the manufacture of asbestos-cement products. Semiharsh
chrysotile fibers, when cconomically availuble, or crocidolite can partially re-
place soft chrysotile to improve filtration. Chemical techniques may also be used
to accomplish the same objective cither by adding polyclectrolytes (1) or by
treating the fiber with sodium silicate (58).

Considerable rescarch has been devoted to correlate harshness with funda-
mental physical or chemical factors. Woodroofe (80) has indicated a relation-
ship with the water content of the fiber. In line with this. Badollet and Streil
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(4) have patented a techuique for increasing the harshuess of chrysotile by
flash calcining in the range of 500°C to drive off part of the chemically com-
bined water. More recently, Langer and Kerr (37) have indicated a corrclation
with fine mincral intergrowths in the Lundles of fibrils comprising chirysotile.
Another hypothesis is that harshness is related to the relative contents of the

two crystallographic forms, clino-chrysotile and ortho-chrysotile in the fiber from
a specific source (Whittaker and Zussman (77)).
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Thermal Dccomposition

Asbestos minerals, despite their relatively high [usion temperature, are com-
pletely decomposed at temperatures of 1000°C or lower, depending on the
mincral spccies.

The course of the thermal decomposition can be followed by three different
but interrclated techniques: dilferential thermal analysis (DTA), thermogravi-
metric analysis (TGA), and static dchydration.

The actual decomposition phenomena in amphiboles are extremcly compli-
cated and depend on the type of atmosphere and particularly on the specifie
amphibole involved. Typical curves for the behavior of crocidolite in air are
given in Fig 20 from Hodgson (33). The first chemical change, corresponding
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Fic. 20. ‘Thermal analyses of crocidolite in oxygen.

to an apparent loss of water, occurs at 420°C with the finul decomposition of
the amphibole into a pyroxene mineral, cristobalite, and iron oxide occurring at
900°C. This water is formed by migration of protons which are oxidized at the
surface by oxygen in the air.

The other amphiboles lose water primarily by condensation of hydroxyl ions.
Oxidation of divalent iron has a profound effect on the thermal behavior of
these minerals and this becomes very evident by comparing the reactions in air
and in an inert atmosphere. Both the dchydroxylation temperature and decom-
position temperature appear to increase with increased MgO content in the
different amphibole species. ITodgson (32) gave a detailed experimental and
theoretical review of these phenomena, which include loss of physically com-
bined water, loss of chemically combined water, and breakdown inte ultimate
decomposition products. These thermal analysis techniques have proved par-
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ticularly uscful in calegorizing amphibole samples from different locales. For
example, Bolivian crocidolite exhibits characteristics of Doth anthophyllite and
crocidolite, while the Transvaal specics is often an intimate mixture of crocido-
lite and amosite.

The decomposition of chrysotile is much simpler and independent of at-
mosphere. Under dynamic heating conditions (DTA), dchydroxylation occurs
at approximately 630°C with formation of forsterite and silica, about 810°C, as
shown in Tig. 21. In static dehydration experiments, the initial water loss below
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Fic. 21.  Thermal analysis of chrysotile.

500°C is time-dependent with no detectable change in the X-ray diffraction
pattern (12, 80). Martinez (41) has summarized the various theorics for the
atomic rearrangement during the dehydration and formation of forsterite. The
simplest approach to describing the decomposition above 500°C (static) is to
consider it as a three-step process: the solid residue of the first step ( <600°C)
is a slightly hydrated amorphous magnesium silicate with a minor amount of
poorly crystallized forsterite. This is followed by the formation of well-crystal-
lized forsterite with some residual amorphous material at 600-1000°C,

Finally, healing above 1100°C yiclds a misture of enstatite and forsterite.
This generalized scheme has been confirmed by comparisons of infrared spectra
of heated chrysotile with those of mixtures of pure synthetic minerals (G1).

Many investigators have studied the thermal decomposition of chrysotile
from a widce variety of sources, and all liave heen found to vield essentially the
same DTA curves. Recent studies with an extremely sensitive duPont Dilfer-
ential Thermal - Analyzer have disclosed significant differences between fiber
from different sources. For many chrysotiles, the 650° dchydroxylation peak is
really a doublet (35). This doublet phenomenon was first observed by Mlar-
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tinez (10) in a mixture of Lwo samples of the same fiber which had been sub-
jected to different degrees of intensive grinding. The dependence of dehydroxyl-
alion temperature on particle size in the analogous mincral kaolinite was first
reported by Speil (66). It has not yet been detenmined whether these recently
observed doublet peaks in specific chrysotiles correspond to two iber diameter
populations or to some other phenomenon.

Mechanical Disintegration

For cffective reinforcement, the ashestiform mineral should be fiberized to
the degree required by the specilic application. Mechanical milling or attrition
is the basic method of fiberizing asbeslos minerals. Ideally, the fiber bundles
should be opened without reducing the fiber length. In practice, the fibers are
shortened to a degree controlled not only by the severity of the mechanical
action, but even more, by the brittleness or harshness of the mineral. The soft
chrysotiles show minimum length disintegration during opening while, for the
same mechanical attrition, the semiharsh and harsh chrysotiles are shortened
significantly. Amphiboles are even more susceptible to length attrition by
mechanical impact, and are usually given their final opening by the ultimate
consumer, often in the actual mixing or processing operations.

Normally as the fibers become wore open, the additional energy required
for further opening increases rapidly, imposing a practical limit on the degrce
of <nbdivision attainable in commercial milled products. Recently, laboratory
grinding tests with an intensive dry grinder® showed that it is possible to actuaily
destroy the structure of chrysotile so that it is no longer identifiable by either
X-ray diffraction or by the clectron micrograph of Fig. 22 (60). JelFrey chrysotile
heated to 700°C for 1 hour yields an amorphous material with exactly the same
appearance when viewed by the clectron microscope. This suggests that the
changes observed wth intensive grinding were actually caused by momentary
localized temperature surges in a fibril as it absorbed the tremendous impact
encrgy. To substantiate this hypothesis, chrysotile was subjected to prolonged
dry ball milling which yielded a similar appearing amorphous mass. Wet milling,
which precluded the possibility of attaining localized high temperatures, pro-
duced short ultimate fibrils which maintained their crystalline form and were
easily identifiable as chrysotile.

These observations have been used to explain the results of coutrolled brake-
wear tests performed at the Johns-Manville Research and Engineering Center
(65). Wear dust was collected from passenger car brake linings subjected to a
serics of stops simulating normal traffic and highway driving. Airborne dust
and debris in the brake drums were collected separately and analyzed completely.
The composition of the inorganic fraction of these residues matched that of the
original brake lining which contained a total of 70 chrysotile. No chrysotile
was observable in the wear dust by cither X-ray or optical microscopy. An clec-
tron micrograph of the dust is shown in Fig. 23. The resemblance between this
and chrysotile, which had been mechanically  (and, presumably, thermally)

*Spex Mixer/Mill, manufactured by Spex Indnstries, Inc., 3500 Park Avenue, Metuchen,
New Jersey 08840,
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Electron micrograph of Spex-milled chrysotile. (11,250,

Fa

decomposed, is apparent. Despite the fact that thermocouple measurements of
the brake drum temperature did not exceed 275°C, theoretical calculations indi-
cated that the temperatures at localized points of contact exceeded 10007C.
Minute fragments of chirysotile fibrils could be observed in some of the clectron
micrographs and a modified point count technique was devised to determine
the chrysotile content. Conservative estimates of the chrysotile content by this
method showed that more than 987 of the clirysotile is destroyed during normal
brake usage. Similar studies by the U.S. Public Health Service substantiated these
results for normial driving conditions (38).
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Fic. 23. Electron micrograph of brake lining dust. 311,250,
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The positeve identification of the asbestiform mincrals is highly dependent
upon such Factors as the physical form, the presence of contaminants, prior
mechanical, thermal or chemical treatment. The variuble nature of the amphi-
boles makes it necessary to classify a particular sample as “most closely re-
sembling” a specific mineral species.

It is obviows that, even if sulficient material is available, simple chemical anal-
ysis is not sullicient to characterize an asbestiform mineral because all asbesti-
form minerals have massive counterparts with the same chemical composition.
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One must, therefore, rely on a combination of methods, The methods most fre-
quently uscd are chemieal analysis, petrographic nlicr(?sli'g‘l)y, X-ray diftraction,
elcctron microscopy, clectron diffraction, and differential thermal analysis.

Perhaps the imost reliable method of identification for particles down to &
few microns in diameter is petrographic microscopy. Using this technique, the
fibrous nature of the species is evident and the optical properties can be used to
determine which species is present. Among the amphiboles however, the vari-
able composition may also cflect the optical propertics, so that again positive
identification may be difficult. In such cases, X-ray diffraction and chemical
analysis or DTA can be used for confirmation.

If the size is below the practical working limit for optical microscopy, the
electron microscope is the proper tool. This instrument will only give information
about the size and shape so that positive identification is not usually possible for
specific amphiboles. The tubular appearance of chrysotile under the clectron

microscope is specific. When electron diflraction is used in conjunction with clec- -

tron microscopy a better, but still not conclusive, identification of amphiboles
is possible. B

The electron microprobe is a relatively recent development which is proving
of great value for the characterization of small amounts of material. With this
instrument it is possible to obtain a comnplete chemical analysis on a particle
as small as 1. It is also possible to study the same particles with both the
electron microprobe and the clectron microscope, thus making a more complete
characterization possible. ; :

Table VT js a listing of ilhe propertios of the ashestiform mincials wsed for
their characterization. '

SOURCES Or FIBER

Hendry (30) at the 1965 Conference on Biologic Effects of Asbestos sum-
marized the pertinent aspecets of the occurrence, production, and commercial
applications of asbestos fiber. f

Table VII presents the world production of asbestos in 1966 (43). Produc-
tion has increased with few changes in the relative standings of the producing
countrics. ; ’

The major difference is the great increase in Russian production which now
outranks Canada as the major producer. The increased production in the United
States over the past few ycars is due to the recent development of the Coalinga
fiber deposits in California. One important change since 1966 is the closing of
the Australian crocidolite mines and the climination of this source from the
market. Thus, South Africa remains as the one significant area producing crocid-
olite and amosite.

Chrysotile accounts for approximately 95% of commercial asbestos. Chrysotile
ashestos from Quebece is available in more than 50 standard or specialized grades
to meet specific requirements. Some of the larger asbestos mills, such as that of
the Jeffrey mine in Ashestos, Quebee, produce many of these grades simul-
tancously by a complex system of continuous crushing, sereening, and aspiration
from the same will feed material, R
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; TABLE VI
Puysicar ProrerTIES Uskp FOR CHARACTERIZATION OF ASBESTIRORM MINERALS
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TABLE VII

PronucrtioN or Aspestos 1IN 1966

201

Country

No. of short tons

North America

Canada (sales)
United States (shipments)

South America

Argentina
Bolivia (exports)
Brazil
Furope
Austria
Bulgaria
Finland
France
Greece
Italy
Portlugal
USSR
Yugoslavia
Africa
Botswana
Kenya
Mozambique
Rhodesia, Southern
South Africa, Republic of
Swaziland
United Arab Republic (Egypt)
Asia
China
Cyprus
India
Japan
Korea, South
Phillipines
Taiwan
Turkey
Oceania
Australia
New Zealand
World Total+

1,479,281
, 125,928

240°
4
1820

1430°
13,2350

77200

850
90,464
10
1,872,000
8411

880°
73
175,000°
276,597
36,142
2007

140,0002
24,449
7646
17,067
687
721
1258

13,472

4,297,000

@ Istimate,

b Unpublished data considered to be reliable (not from Minerals Yearbook).

All fibers from Quebee are classified by a standardized system which, with
some modifications, forms the basis {or other classification syslems in use
throughout the world. The longest fibers are Groups 1 and 2, with fiber lengths of
over } in. and fromn ¥ to ¥ in., respectively. These consist of hand-selected cross-
vein fiber and are termed “crude” ashestos grades since they are normally given
final preparation by the ultimate user. Groups 3 through 7 are classified as
“milled” fiber with deercasing fiber length, as measured by the Quebee Standard
Screen Test (59). Bach group is further subdivided into a number of sub-
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grades according to their “crudiness,” content of grit, bulking characteristics,
and absorption propertics. Subgroup fibers from dillerent sources are not
necessarily interchangeable for specific end applications. In the ashestos trade, a
“crudy” fiber is one which contains a large number of unopened fiber bundles;
those fiber subgrades in which the fibers have been well fiberized or subdivided

In gene
industry |
better
in floor ti
bestos cer
require
particulaty
Normally,

are known as “opened” grades.
Table VIIT gives the approximate distribution by grades of chrysotile fiber
produced in Canada and the United States, as compared to that produced in

the USSR in 1966. .
meet his
TABLE VIII _ fn
Arpmoxiate Provuctioy oF Cimvsotite Fisers py Grapes 1v 1066 vada .
LA
Grade U.8.8.1R. U. S. and Canada ¢ .
L 5
No. L Crude ; l!-“'l : A ' .
No. 2 Crude 13,000 289 i
3 130,000 143,000 L P
4 150,000 500,000 ) F__.
5 650,000 200,000 : : £
6 390,000 230,000 T
7 530,000 620,000 i o 2
:‘.‘. e
Applications ‘ - - CE e
& Y 8
The commercial applications of asbestos are so numerous that ithis review R
can do no better than refer the reader to the many excellent texts which ade- W
quately cover this subject (8, 62). The uses range from asbestos-cement products k-
or floor tile, which consume hundreds of thousands of tons, tu specialty filtration b i

applications which may consume only scveral tons amnually. Asbestos imparts to
a great variety of products a combination of properties which cannot be
attained by using other materials. Its strong fibrous form reinforces other media,
such as plastics or cement, or controls viscosity of many systems; its inorganic
nature is important for resistance to heat and chemical or environmental agents;
its fine size contributes fltration cfficiency and insulating efficiency; its abun-
dance and low cost are significant factors in promoting commercial applications.

On the basis of relative abundance alone, chrysotile will be used wherever v\
possible in preference to other forms of asbestos. Where a combination of ex- ‘ N
treme bulking characteristics plus low water content and high temperature re- ' A
sistance are desirable, c.g., thermal insulations, amosite has usually been pre- £t 1:'
ferred. Applications requiring resistance to acids usually take advantage of the {,l; L
relatively good acid resistance of crocidolite. Textile products require a soft, e, " 3
silky, longer grade of chrysotile although crocidolite has also been used for N4
acid-resistant textile forms. Geographic considerations may cxert cconomic in- - £ B
fluence to imcrease the usage of specific amphiboles, such as anthophyllite in r*’._
Finland or the crocidolites in South Africa. Anthophyllite has shown specific _«"

advantages over other asbestiform mincrals in reinforcing polypropylene prod- b ox
ucts and is used extensively for this purpose.

g e S Y Sar pEmPla 4 T gy o ——
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In general, specific grades of chrysotile have been developed by the asbestos
industry for cach market. Although the longer fibers are considered to be of
belter quality, it would be just as impractical to usc relatively long 4-grade fiber
in floor tile as it would be to attempt to make satisfactory asbestos paper or as-
bestos cement products with 7-grade fibers. In fact, some applications may even
require the presence of a considerable amount of the nonfibrous, fine-grained
particulate serpentine which is contained in some of the 7-grade subgroups.
Normally, the consumer sclects the least expensive grade of fiber which will
mect his needs,
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Ite. 24, Electron micrograph of commercial tale, 2250.
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Other Sources

Commercial production and applications of asbestos fibers are usually con-
sidered to be the only significant sources of asbestos fibers entering the en-
vironment. ITowcever, on closer examination it becomes cvident that we should
consider not only the question of impurities in asbestos, but also the fact that
asbestiform mincerals are an ubiquilous impurity in many decposits of such
commercially valuable nonmetallic minerals as mica and tale.

Tale, particularly, is a mineral product with widespread commercial and
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Tic. 25, Electron micrograph of Warren County, New York, serpentine. <6000,
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cosmetic applications. Figure 24, an electronmicrograph of a typical bene-
ficiated industrial tale, reveals the presence of considerable fibrous tremolite.
Approximately 8000 tons of tale are used annually as a carrier for pesticides
(71). Windom et al. (79) investigated the distribution of tale in the atmosphere
and in glacier and snow samples to study the migration of pesticides. Their
samples covered a world-wide geographic distribution. In practically every
sample, amphiboles were detected along with the tale, as might be anticipated
from the common occurrence of amphiboles in tale.

Cralley (14) et al. have recently investigated 22 cosmetic talcum products. All
had significant fiber contents ranging from 8§ to 30% by count of the total tale
particulates, and averaging 19%. The fibrous tale included tremolite, anthophyllite,
and chrysotile. They made special note of the fact that cosmetic taleum prod-
ucts should be included as a source of fibers from which may be derived ferru-
ginous bodics observed in the lungs of humans.

In another investigation by the U.S. Public Health Service of the source and
identification of respirable fibers, Cralley (15) noted that there are more than
100 different natural minerals with some degree of fibrous structure which may
occur in respirable sizes. In addition to the asbestos minerals, these included
fuller’s earth, zeolite, vermiculite, caleiuin carbonate, gypsum, pyrophyllite, talc,
kyanite, hornblende, mica, magnesite, and many others.

Pure scrpentine is considered to be composed of nonfibrous antigorite or
lizardite based on petrographic and X-ray examination. However, clectron
microscopy reveals the fact that all serpentine rocks contain significant amounts
of chrysotile. Figure 25 is an electron micrograph of a practically trovshicent
“museum grade” serpentine specimen from Warren County, New York, obtained
through Wards Natural Science Establishment. Despite its apparent content of
approximately 20% ol fibers, optical microscopy showed no chrysotile whatsoever.

Examination of many other authenticated samples of “pure serpentine” has
revealed the presence of chrysotile. Serpentine rock deposits are widespread
throughout the world. In the United States they form the Franciscan serpentine
belt along the entirc length of California, just as they form much of the Appa-
lachian range on the East Coast. They are used as the basis for many large-scale
applications, such as ballast, road construction, aggregate, huilding stone. Dur-
ing grinding and preparation for such commercial usage, there could be oppor-
tunity for escape of fibrous material. : '

CONCLUSIONS

It is important for the medical investigator of the biologic effects of asbesti-
form minerals to properly understand the wide diversity between the several in-
dividual asbeslos mincrals, the ubiquitous nature of their occurrence, both in
commercially valuable form and as impuritics in other materials, and the wide-
spread cxistence of many other minerals with fibrous form. It is only by relating
experimental biologic evidence with the variations in physical size and form, in
physical strength attributes, in physicochamical surface reactions, in chemical
reactivity, and in associated impurities, that we can ultimately arvive at valid
medical conclusions.

ra - T T et ety — R mide s
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